Abstract Methamphetamine (Meth) use is common among HIV-infected persons. It remains unclear whether Meth dependence is associated with long-lasting degenerative changes in the brain parenchyma and microvasculature of HIVinfected individuals. We examined the postmortem brains of 78 HIV-infected adults, twenty of whom were diagnosed with lifetime Meth dependence (18 past and two current at the final follow-up visit). Using logistic regression models, we analyzed associations of Meth with cerebral gliosis (immunohistochemistry for ionized calcium-binding adapter molecule-1 (Iba1) and glial fibrillary acidic protein (GFAP) in frontal, temporo-parietal, and putamen-internal capsule regions), synaptodendritic loss (confocal microscopy for synaptophysin (SYP) and microtubule-associated protein-2 (MAP2) in frontal cortex), β-amyloid plaque deposition (immunohistochemistry in frontal and temporo-parietal cortex and putamen), and arteriolosclerosis (histopathology in forebrain white matter). We found that Meth was associated with marked Iba1 gliosis in the temporo-parietal region (odds ratio, 4.42 (95 % confidence interval, 1.36, 14.39), p = 0.014, n = 62), which remained statistically significant after adjusting for HIV encephalitis, white matter lesions, and opportunistic diseases (n = 61); hepatitis C virus seropositivity (n = 54); and lifetime dependence on alcohol, opiates, and cannabis (n = 62). There was no significant association of Meth with GFAP gliosis, SYP or MAP2 loss, β-amyloid plaque deposition, or arteriolosclerosis. In conclusion, we found lifetime Meth dependence to be associated with focal cerebral microgliosis among HIV-infected adults, but not with other brain degenerative changes examined. Some of the changes in select brain regions might be reversible following extended Meth abstinence or, alternatively, might have not been induced by Meth initially.
Introduction
Methamphetamine (Meth) use is a common comorbidity in HIV-infected persons (Cadet and Krasnova 2007) . Meth dependence was found to increase the risk of cognitive impairment in HIV-infected individuals (Rippeth et al. 2004 ) particularly those who had advanced immune suppression (Carey et al. 2006) . Additive effects of chronic Meth use and HIV infection were documented on cerebral metabolite abnormalities denoting neuronal injury and glial activation, measured with proton magnetic resonance (MR) spectroscopy (Chang et al. 2005) . In another similar study (Taylor et al. 2007) , although the effects of Meth on cerebral metabolite changes were not evident, Meth appeared to modify the effects of HIV in individuals with high plasma viral loads.
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The pharmacokinetics of Meth in the human brain includes fast uptake, widespread distribution, and slow clearance, as shown in positron emission tomography (PET) studies with [ 11 C]-d-Meth (Fowler et al. 2008; Volkow et al. 2010) , suggesting extended brain exposure to the sympathomimetic and toxic effects of Meth. The widespread distribution of Meth was also observed in the postmortem brains of chronic Meth users with the presence of Meth in blood (Kalasinsky et al. 2001) . Accordingly, chronic Meth use may induce longlasting injury involving broad brain regions and not limited to structures containing presynaptic monoaminergic nerve terminals (Cadet and Krasnova 2007; Kuhn et al. 2011) . In support of this notion, a PET study with [ 11 C](R)-PK11195 (a radiotracer targeting the 18-kDa translocator protein enriched in activated microglia) showed higher activated microglial density in multiple brain regions of abstinent Meth users when compared with age-matched control participants (Sekine et al. 2008) . Also, evidence of increased white matter hyperintensities on MR imaging, suggestive of ischemic lesions caused by cerebral small vessel disease (Ovbiagele and Saver 2006) , was reported in men with lifetime Meth dependence (Bae et al. 2006) .
Relatively, few studies have addressed the effects of chronic Meth use on immunohistologic and gene expression changes in postmortem HIV-infected brains (Chana et al. 2006; Everall et al. 2005; Langford et al. 2003) . For instance, Langford et al. (2003) reported that among HIV encephalitis brains, the brains of chronic Meth users had higher degrees of CD45-immunoreactive microgliosis and synaptophysin immunoreactivity loss in the frontal cortex. Nonetheless, it remains unclear whether Meth dependence is associated with long-lasting degenerative changes in the brain parenchyma and microvasculature of HIV-infected individuals with consideration of a variety of biological-relevant comorbid factors.
In the present study, we investigated associations of lifetime Meth dependence with cerebral microgliosis, astrogliosis, synaptodendritic loss, β-amyloid plaque deposition, and arteriolosclerosis in the postmortem brains of HIVinfected adults.
Methods

Autopsy cohort
We gathered 78 autopsy HIV-infected cases that were evaluated during life for Meth dependence (using either Psychiatric Research Interview for Substance and Mental Disorders (Hasin et al. 1996) or Composite International Diagnostic Interview (Robins et al. 1988) ) and had archival brain tissue blocks available in the California NeuroAIDS Tissue Network (CNTN; no. R458). The University of California San Diego Human Research Protections Program approved the project.
All study participants provided written informed consent. The written consent to autopsy was obtained. There were 63 men (80.8 %). The study participants died between 1999 and 2010 and ranged in age at death from 26 to 70 years (median, 46 years; interquartile range (IQR), 39-54 years); 30 (38.5 %) cases aged ≥50 years (older age). Forty-six cases (59.0 %) were white, 14 (17.9 %) Hispanic, 13 (16.7 %) black, and five (6.4 %) Asian or other race/ethnicity. The apolipoprotein-E (APOE) ε4 status (having one or two ε4 alleles, based on the allelic discrimination assay; Taqman SNP Genotyping Assays, Applied Biosystems, Carlsbad, CA, USA (Soontornniyomkij et al. 2012a )) was present in 21 (31.3 %) of 67 cases examined. Hepatitis C virus (HCV) seropositivity was detected in 29 (41.4 %) of 70 cases that underwent serological testing. Of all 78 cases, seven (9 %) had diabetes mellitus, 24 (30.8 %) had systemic arterial hypertension, and 14 (17.9 %) had dyslipidemia. Lifetime cigarette smoking was found in 25 (32.5 %) of 77 cases with available data. Of all 78 cases, lifetime dependence on alcohol was present in 35 (44.9 %), opiates in 10 (12.8 %), and cannabis in 8 (10.3 %).
In the present study, highly active antiretroviral therapy (HAART) was defined as regimens containing three or more antiretroviral medications from at least two different drug classes (Soontornniyomkij et al. 2014 ). The antiretroviral regimens used at the last follow-up visit closest to death (median, 14.6 weeks; IQR, 3.5-31.3 weeks prior to death) were categorized into protease inhibitor-based HAART, non-protease inhibitor-based HAART, and no-HAART (i.e., receiving non-HAART regimens, discontinuation of antiretroviral treatment, or never receiving antiretroviral treatment). The estimate of central nervous system penetration effectiveness (CPE) of individual antiretroviral drugs was ranked from 1 (poorest) to 4 (best), in accordance with the 2010 CPE ranking system (Letendre et al. 2010) . The CPE score of each antiretroviral regimen was derived from adding all of the ranks. In the present study, the CPE scores ranged from 2 to 14 (median, 7; IQR, 6-8) in patients who were receiving antiretroviral treatment at the last follow-up visit closest to death (n = 48).
The median HIV infection duration (i.e., the estimated duration of HIV infection from the patient's first awareness to death) was 14.0 years (IQR, .3 years, n = 70). In the total follow-up period, the median on-antiretroviral duration (i.e., the estimated total duration of exposure to any antiretroviral regimens) was 2.7 years (IQR, 0.7-6.6 years, n = 71). The median off-antiretroviral duration (i.e., the HIV infection duration subtracted by the on-antiretroviral duration) was 9.7 years (IQR, 4.5-14.3 years, n = 65).
The median postmortem interval was 13 h (IQR, 12-28 h, n = 77). Of all 78 cases, 77 (98.7 %) had AIDS-defining conditions. In addition, the systemic autopsy findings commonly included hepatic cirrhosis, atherosclerotic cardiovascular disease, myocardial infarction, malignant neoplasms (primarily lymphomas, lung carcinomas, and hepatocellular carcinoma), and pneumonia.
Brain histopathology
The neuropathologist (V.S.), who was blinded to clinical and autopsy information, reviewed hematoxylin and eosin-stained paraffin-embedded formalin-fixed brain tissue slides, as previously described (Soontornniyomkij et al. 2014) . HIV encephalitis was histologically defined as multiple foci of microgliosis, multinucleated giant cells, and astrogliosis (Budka et al. 1991) . White matter (WM) lesions were defined as foci of WM rarefaction with macrophage infiltration or astrogliosis in the forebrain in the absence of HIV encephalitis and progressive multifocal leukoencephalopathy. Arteriolosclerosis was defined as concentric intramural hyalinization of small arteries or arterioles in the forebrain WM, excluding those vessels in the ependymal vicinity, and was graded as absent (normal), mild (partial-thickness involvement), or severe (full-thickness involvement with or without perivascular space dilatation); in each case a grade of arteriolosclerosis was assigned based on the severest lesion (Soontornniyomkij et al. 2014 ) (Electronic supplementary Table 1 ). Opportunistic infections (i.e., cytomegalovirus disease, cryptococcosis, progressive multifocal leukoencephalopathy, and toxoplasmosis) were found in 12 (15.8 %), primary nonHodgkin lymphomas in 3 (3.9 %), and metastatic carcinomas in 2 (2.6 %) of 76 cases examined.
Immunohistochemistry for Iba1, GFAP, and β-amyloid
Immunohistochemical staining was performed on 5-μm-thick sections prepared from three paraffin-embedded formalinfixed brain tissue blocks: frontal, temporal or parietal, and putamen-internal capsule. We used primary antibodies raised against ionized calcium-binding adapter molecule-1 (Iba1, microglia marker; rabbit polyclonal, no. 019-19741, Wako, Richmond, VA, USA; 1:1000 dilution), glial fibrillary acidic protein (GFAP, astroglia marker; rabbit polyclonal, no. Z0334, Dako, Carpinteria, CA, USA; 1:1000), and β-amyloid (mouse monoclonal, clone 4G8, no. SIG-39220, Covance, Princeton, NJ, USA; 1:20000). Antigen retrieval was performed in 10-mM Tris/1-mM EDTA-2Na/0.05 % Tween-20 buffer (pH 9) in 121°C autoclave (20 min) for Iba1 and GFAP or 90 % formic acid (5 min) for β-amyloid. Following 24-h incubation at 4°C with the primary antibody, immunohistochemical signals were developed using species-appropriate ImmPRESS anti-IgG (peroxidase) polymer detection kits (Vector Laboratories, Burlingame, CA, USA; 40 min) and diaminobenzidine (ImmPACT DAB Peroxidase Substrate; Vector L a b o r a t o r i e s ; 5 m i n ) , a s p r e v i o u s l y d e s c r i b e d (Soontornniyomkij et al. 2012b ). The β-amyloid immunostained tissue sections were counterstained with Mayer hematoxylin. Isocortical tissue sections from an Alzheimer's disease brain were used as the positive tissue control for β-amyloid immunohistochemical staining (Soontornniyomkij et al. 2012a ). For the negative reagent control, the primary antibody was omitted.
For quantification of Iba1 and GFAP density, the DABimmunostained tissue slides were scanned using a microscope slide scanner (×20 objective lens, Aperio ScanScope GL, Leica Biosystems, Buffalo Grove, IL, USA). Using the Aperio ImageScope software, a square of 3000 × 3000 μm 2 was extracted from the cortical gray matter (GM) and subcortical WM (of the frontal and temporo-parietal regions), putamen, and internal capsule separately. Using the Image-Pro Analyzer software (version 6.3, Media Cybernetics, Bethesda, MD, USA), the DAB intensity was quantified within each area of interest, i.e., the cortical GM layers II-VI, subcortical WM, putamen, and internal capsule, as previously described (Soontornniyomkij et al. 2012b ). The DAB intensity per unit area (i.e., DAB density) was calculated, as previously described (Soontornniyomkij et al. 2010) . To adjust for the between-batch variation, one brain section from the same positive tissue control block was included in each immunostaining batch. The control DAB density (in a specified area) was used to normalize all the DAB density values of studied cases in the same batch, giving rise to the immunoreactivity density values.
In each case, β-amyloid plaque deposition was designated as present when β-amyloid plaques were found in any of the frontal and temporo-parietal cortical GM and putamen (Electronic supplementary Table 1 ).
Immunofluorescence confocal microscopy for SYP and MAP2
Fresh frontal cortical GM tissue blocks were fixed in 4 % paraformaldehyde overnight, serially cut at 40 μm thick with the vibratome, and stored at −30°C in cryoprotective medium (30 % ethylene glycol, 30 % glycerin, and 40 % phosphatebuffered saline). Free-floating tissue sections were incubated with mouse monoclonal primary antibodies against synaptophysin (SYP, presynaptic terminal marker; clone SY38, no. MAB5258, EMD Millipore, Billerica, MA, USA; 1:10 dilution) or microtubule-associated protein-2 (MAP2, dendritic marker; clone 5F9, no. 05-346, EMD Millipore; 1:20). Following overnight incubation, the sections were washed and then incubated for 1 h with FITC-conjugated horse anti-mouse IgG secondary antibody (Vector Laboratories; 1:75), as described previously (Langford et al. 2003) . The sections were washed and then transferred to microscope slides and mounted under glass coverslips with antifading medium.
For quantification of SYP and MAP2 density, fluorescence-immunostained tissue slides were imaged with the laser scanning confocal microscope (×63 objective lens, MRC-1024, Bio-Rad, Hercules, CA, USA) and the LaserSharp software (version 3.2, Bio-Rad). For each case, three microscopic fields were imaged and the fluorescence density was measured using the ImageJ software (National Institutes of Health, Bethesda, MD, USA) (Langford et al. 2003) . The immunoreactivity density value (Electronic supplementary Table 1) was derived from the average of three fluorescence density values.
Categorical transformation of Iba1, GFAP, SYP, and MAP2 density
In each of three brain regions (frontal, temporo-parietal, and putamen-internal capsule), the Iba1 immunoreactivity density in the GM correlated directly with that in the WM (n = 64, r s = 0.74; n = 62, r s = 0.78; and n = 64, r s = 0.67, respectively; p < 0.0001 each region; Spearman's rank correlation coefficient). In each of the frontal and putamen-internal capsule regions, the GFAP immunoreactivity density in the GM correlated directly with that in the WM (n = 64, r s = 0.48, p < 0.0001; and n = 64, r s = 0.26, p = 0.037, respectively). In the temporo-parietal region, the similar correlation did not reach statistical significance (n = 62, r s = 0.22, p = 0.08).
In each of the three brain regions, we averaged the (Iba1 or GFAP) immunoreactivity density values in the GM and WM to generate the regional density value (Electronic supplementary Table 1 ). Then, we transformed the regional density values (continuous variable) in the present study (78 cases) into three severity grades (categorical variable), based on their tertile ranks within our CNTN database (144 cases, of which the present cohort of 78 cases was a subset) of the distributions of regional density values specific for each marker in each brain region. Each of the regional Iba1 and GFAP density values was graded as mild (≤ the lower tertile), moderate (> the lower tertile and < the upper tertile), or marked (≥ the upper tertile) gliosis (Electronic supplementary Table 1 ). Based on the same CNTN database, each of the frontal SYP and MAP2 density values was graded as mild (≥ the upper tertile), moderate (< the upper tertile and > the lower tertile), or marked (≤ the lower tertile) loss (Electronic supplementary Table 1 ).
Statistical analysis
We performed logistic regression analyses to test associations between the categorical outcomes (severity grades of cerebral parenchymal changes and arteriolosclerosis) and predictor (lifetime Meth dependence). Biological-relevant factors, as well as factors that were distributed differently between nonMeth and Meth groups, were included as covariates in multivariable models. Since the outcomes were grading of severity, ordinal models that did not assume proportional odds were chosen for all pathologic changes examined. The odds ratio (OR) with its 95 % confidence interval (CI) reflected the effect size. Mann-Whitney U test and Spearman's rank correlation coefficient (r s ) were employed to analyze continuous variables. Fisher's exact test was used for comparing frequencies of categorical variables. Two-tailed p values were considered significant at p < 0.05. The statistical analyses were carried out using R (version 3.0.1, 2013, http://www.r-project.org).
Results
Cohort characteristics
Twenty of 78 cases (25.6 %) were diagnosed with lifetime Meth dependence (i.e., either past (n = 18) or current (n = 2)) at the last follow-up visit closest to death (median, 14.6 weeks; IQR, 3.5-31.3 weeks prior to death) (Electronic supplementary Table 1 ). We evaluated the distributions of demographic and biological-relevant factors (Table 1) . Between non-Meth and Meth groups, none of these factors showed significant differences, except for the HCV seropositivity, HAART status, alcohol, and cannabis. The frequency of HCV seropositivity was higher in the Meth group (65 vs. 32 %). The Meth group had lower frequency in using protease inhibitor-based HAART (20 vs. 53.4 %) and higher frequency of the no-HAART status (70 vs. 36.2 %). The frequencies of alcohol and cannabis were higher in the Meth group (65 vs. 37.9 % and 25 vs. 5.2 %, respectively). Accordingly, in addition to the occurrence of HIV encephalitis or WM lesions and brain opportunistic diseases, the HCV seropositivity and lifetime dependence on substances other than Meth were included as covariates in multivariable models of the cerebral parenchymal changes and arteriolosclerosis (Beitner-Johnson et al. 1993; Letendre et al. 2007; Persidsky et al. 2011) . The HAART status (Soontornniyomkij et al. 2014) , in addition to diabetes (Pantoni 2010) , was included as a covariate in multivariable models of arteriolosclerosis.
Iba1 gliosis
DAB immunohistochemistry for Iba1 showed parenchymal microglia and perivascular macrophages in both GM and WM (Fig. 1a−c) . In the univariable logistic regression analysis (Table 2) , lifetime Meth dependence was associated with marked Iba1 gliosis in the temporo-parietal region (n = 62, OR, 4.42 (95 % CI, 1.36, 14.39), p = 0.014, Fig. 2a ). This association remained significant after adjusting for HIV encephalitis, WM lesions, and opportunistic diseases (n = 61, adjusted OR, 5.76 (95 % CI, 1.67, 19.82 Fig. 2b is the distribution of the temporo-parietal regional density of Iba1 immunoreactivity in non-Meth and Meth groups.
In either the frontal or putamen-internal capsule region, no significant association was found between Meth and Iba1 gliosis in either univariable analysis (n = 64, Table 2 ) or multivariable analysis after adjusting for HIV encephalitis, WM lesions, and opportunistic diseases (n = 63, p > 0.09 and p > 0.22, respectively), HCV seropositivity (n = 57, p > 0.10; and n = 56, p > 0.07, respectively), and lifetime dependence on alcohol (n = 64, p > 0.13 and p > 0.21, respectively), opiates (n = 64, p > 0.07 and p > 0.08, respectively), and cannabis (n = 64, p > 0.08 and p > 0.12, respectively).
GFAP gliosis
DAB immunohistochemistry for GFAP showed astroglia distributed singly in both GM and WM (Fig. 3a−c) . In the logistic regression analysis, lifetime Meth Included in the no-HAART category were patients who received non-HAART regimens or no longer received antiretroviral treatment at the last follow-up visit closest to death and those who had never received antiretroviral treatment c Patients who were receiving antiretroviral treatment at the last follow-up visit closest to death dependence was not significantly associated with GFAP gliosis in any of the frontal, temporo-parietal, and putamen-internal capsule regions in either univariable analysis (n = 64, n = 62, and n = 64, respectively; Table  2 ) or multivariable analysis after adjusting for HIV encephalitis, WM lesions, and opportunistic diseases (n = 63, p > 0.07; n = 61, p > 0.24; and n = 63, p > 0.41, respectively), HCV seropositivity (n = 57, p > 0.06; n = 54, p > 0.38; and n = 56, p > 0.66, respectively), and lifetime dependence on alcohol (n = 64, p ≥ 0.09; n = 62, p > 0.49; and n = 64, p > 0.32, respectively), opiates (n = 64, p > 0.07; n = 62, p ≥ 0.36; and n = 64, p > 0.24, respectively), and cannabis (n = 64, p ≥ 0.11; n = 62, p ≥ 0.26; and n = 64, p > 0.41, respectively).
SYP and MAP2 loss
In the frontal cortical GM, immunofluorescence confocal microscopy for SYP showed punctate neuropil immunoreactivity between neuronal outlines (Fig. 4a−c) , and that for MAP2 revealed immunoreactive neuronal soma and dendrites ( Fig. 4d−f) (Bryant et al. 2015) . The SYP density correlated directly with the MAP2 density (n = 52, r s = 0.78, p < 0.0001, Spearman's rank correlation coefficient).
In the logistic regression analysis, there was no significant association between lifetime Meth dependence and SYP or MAP2 loss in the frontal cortical GM in either univariable analysis (n = 52; Table 2 ) or multivariable analysis after adjusting for HIV encephalitis, WM lesions, and opportunistic diseases (n = 51, p > 0.43 and p > 0.83, respectively), HCV seropositivity (n = 48, p > 0.53 and p > 0.83, respectively), and lifetime dependence on alcohol (n = 52, p > 0.20 and p > 0.36, respectively), opiates (n = 52, p > 0.17 and p ≥ 0.37, respectively), and cannabis (n = 52, p > 0.23 and p > 0.30, respectively). In the first multivariable model, the presence of HIV encephalitis or WM lesions was associated with SYP loss after adjusting for Meth and opportunistic diseases (n = 51; adjusted OR (marked/moderate vs. 
β-Amyloid plaque deposition
In a subset of cerebral tissue sections, DAB immunohistochemistry for β-amyloid revealed focal or widespread distribution of (extracellular) diffuse plaques in the GM neuropil, including perineuronal and perivascular localizations (Fig. 5a−c) (Soontornniyomkij et al. 2012a ). In the logistic regression analysis, there was no significant association between lifetime Meth dependence and β-amyloid plaque deposition in either univariable analysis (n = 68; Table 2 ) or multivariable analysis after adjusting for the APOE ε4 status and older age (n = 62, p > 0.99), HCV seropositivity (n = 60, p > 0.99), and lifetime dependence on alcohol (n = 68, p = 0.80), opiates (n = 68, p = 0.73), and cannabis (n = 68, p = 0.97). In the first multivariable model, the APOE ε4 status was associated with β-amyloid plaque deposition after adjusting for Meth and older age (n = 62, adjusted OR, 3.23 (95 % CI, 1.04, 10.03) , p = 0.043).
Arteriolosclerosis
Representative histopathologic features of arteriolosclerosis in the forebrain WM are shown in Fig. 6a −c. In the logistic regression analysis, lifetime Meth dependence was not significantly associated with arteriolosclerosis in the forebrain WM in either univariable analysis (n = 74; Table 2 ) or multivariable analysis after adjusting for the HAART status (relative to no-HAART) and diabetes (n = 74, p > 0.15), HCV seropositivity (n = 66, p > 0.19), and lifetime dependence on alcohol (n = 74, p > 0.06), opiates (n = 74, p > 0.15), and cannabis (n = 74, p > 0.27).
Discussion
The present clinico-pathological study of HIV-infected adults showed that lifetime Meth dependence was associated with marked Iba1 microgliosis in the temporo-parietal region even after statistically adjusting for biological-relevant covariates including HIV encephalitis, WM lesions, opportunistic diseases, HCV seropositivity, and lifetime dependence on alcohol, opiates, and cannabis. Nonetheless, there was no significant association between Meth and Iba1 microgliosis in the other two cerebral regions examined. In addition, we found no significant association of Meth with other brain pathologic changes including GFAP astrogliosis, SYP/MAP2 synaptodendritic loss, β-amyloid plaque deposition, and arteriolosclerosis.
Of note, only focal cerebral Iba1 microgliosis, but not other brain pathologic changes examined, was found to be associated with lifetime Meth dependence in HIV-infected adults in our present study. Of the 20 cases with lifetime Meth dependence, only two were diagnosed with current Meth dependence at the last follow-up visit closest to death. In both of these cases, Iba1 microgliosis was of moderate or marked severity in each of three brain regions examined (Electronic  supplementary Table 1 ). Therefore, it is likely that some of the (Sekine et al. 2008) . Volkow et al. (2001) reported PET evidence of dopamine transporter normalization in the striatum of abstinent Meth-dependent individuals followed longitudinally. In another PET study, the recovery of decreased glucose metabolism was observed after protracted Meth abstinence in the thalamus but not in the caudate or nucleus accumbens (Wang et al. 2004) . Similarly, studies using photon MR spectroscopy revealed normalization of cerebral metabolite levels in the anterior cingulate cortex following long-term abstinence from Meth (Nordahl et al. 2005; Salo et al. 2011) . Further, in a non-human primate model of long-term Meth self-administration, there were increases in myo-inositol in the anterior cingulate cortex and decreases in glutamate and glutamine in the caudate-putamen at 1 week following Meth withdrawal, both followed by a linear pattern of normalization by 1 year of abstinence (Yang et al. 2015) .
It is also possible that some of brain pathologic changes examined in the present study might have not been induced by Meth at the beginning. In a postmortem study of Methintoxicated individuals, Kitamura et al. (2010) reported increased microgliosis, but not astrogliosis, in the striatum by immunohistochemistry. Still, Tong et al. (2014) found no increases in protein levels of microglia and astroglia markers in the striatum and frontal cortex tissue homogenates from chronic Meth users (about half of them died of drug intoxication). The differential susceptibility to Meth neurotoxicity might vary from one brain region to another (Kuhn et al. 2011; Wang et al. 2004) . In the present study, we could not exclude a possibility of failure to detect immunohistologic alterations that might exist in some brain regions not examined.
A study by Langford et al. (2003) showed higher degrees of frontal microgliosis and SYP immunoreactivity loss in HIV encephalitis brains of chronic Meth users when compared with those brains of non-Meth subjects. Although we found lifetime Meth dependence to be associated with focal cerebral microgliosis even after statistically adjusting for multiple biological-relevant covariates including HIV encephalitis, we did not find any significant association of Meth with frontal SYP loss in either univariable or multivariable logistic regression models. This disagreement over SYP loss may be related to the fact that in our present study only a minority of cases had HIV encephalitis (Table 1 ). And we found that the presence of HIV encephalitis or WM lesions was associated with SYP loss after statistically adjusting for Meth and opportunistic diseases.
The presence of cerebral microgliosis in association with lifetime Meth dependence in HIV-infected individuals suggests that Meth alone or interactions between Meth and HIV (such as HIV-1 Tat and gp120 proteins) induce long-lasting microglial activation (Kuhn et al. 2011; Mediouni et al. 2015) . It is also possible that microglial activation occurs in response to chronic Meth-induced neuronal injury (Bowyer et al. 2008 ). Microglia upon activation may have the capacity to become polarized into pro-inflammatory (M1-like, cytotoxic) and antiinflammatory (M2-like, reparative) phenotypes, as well as various overlapping phenotypes. Still, analysis of gene and protein expression of microglia polarization may not suffice to determine the functional state of microglia (Prinz and Priller 2014) . The complex interaction and contribution (either neurotoxic or neuroprotective) of microglial activation following Meth exposure remain to be elucidated in cell systems and animal models (Frank et al. 2016; Kuhn et al. 2011; Loftis and Janowsky 2014; McConnell et al. 2015) .
The present study was limited by the absence of data on the route of drug consumption, lifetime quantity and duration of Meth use, and duration of continuous drug abstinence, which might affect the severity of Meth-induced pathologic changes observed in postmortem brains.
In conclusion, we found lifetime Meth dependence to be associated with focal cerebral microgliosis among HIVinfected adults but not with other brain degenerative changes examined. Some of the changes in select brain regions might Fig. 6 Histopathologic features of arteriolosclerosis in the forebrain white matter of HIV-infected adults. On hematoxylin and eosin staining, arteriolosclerosis is defined as concentric intramural hyalinization of small arteries or arterioles and graded as absent (normal, with intactness of vascular smooth muscle cells; a, arrow), mild (partial-thickness involvement; b, arrows), and severe (full-thickness involvement; c, arrow); scale bar, 100 μm be reversible and have gradually diminished following extended abstinence from Meth. Alternatively, some of the changes might have not been induced by Meth in the first place. The hypothesis that some of the Meth-associated pathologic alterations in the brain can recover (at least partially) as a function of extended drug abstinence can be tested in prospective cohorts of HIV-infected individuals using PET or photon MR spectroscopy, as well as in animal models of Meth-HIV comorbidities (Bortell et al. 2015; Hoefer et al. 2015; Huitron-Resendiz et al. 2010) .
